Abstract. We present uvbyβ CCD photometry of the central region of the double cluster h & χ Persei. We identify ≈ 350 stars, of which 214 were not included in Oosterhof's catalogue. Our magnitude limit V = 16.5 allows us to reach early F spectral type and obtain very accurate fits to the ZAMS. We derive reddening values of E(b − y) = 0.44 ± 0.02 for h Persei and E(b−y) = 0.39±0.05 for χ Persei. From the ZAMS fitting, we derive distance moduli V 0 − M V = 11.66 ± 0.20 and V 0 − M V = 11.56 ± 0.20 for h and χ Persei respectively. These values are perfectly compatible with both clusters being placed at the same distance and having identical reddenings. The shift in the main-sequence turnoff and isochrone fitting, however, show that there is a significant age difference between both clusters, with the bulk of stars in h Persei being older than χ Persei. There is, however, a significant population of stars in h Persei which are younger than χ Persei. All this argues for at least three different epochs of star formation, corresponding approximately to log t = 7.0, 7.15 and 7.3.
Introduction
Photometric studies of open clusters are extremely useful to determine the physical properties of star members. Even though modern spectroscopic techniques allow the observation of large numbers of stars in a relatively short time, the stellar population of most clusters is still too vast for an in-depth study. Among photometric systems, the uvbyHβ system is the most appropriate for the study of early-type stars, since it has been designed to provide accurate measurements of their intrinsic properties. This is the first in a series of papers dedicated to the study of the B-star population of Galactic open clusters. B-type stars are sufficiently bright to allow very accurate narrow-band photometry and at the same time numerous enough to provide a statistically significant population (unlike the brighter but very rare O-type star). The double cluster h & χ Persei is one of the richest young open clusters accessible from the Northern hemisphere, and therefore it is well documented in the literature. An extensive photographic study was carried out by Oosterhoff (1937) ; MK spectral types for cluster members were determined by Bidelman (1943) , Johnson & Morgan (1955) , Schild (1965 Schild ( , 1966 Schild ( , 1967 ) and others; optical photometry in various systems was carried out by Johnson and Morgan (1955) , Wildey (1964) , Schild (1965) , Crawford et al. (1970b) , Waelkens et al. (1990) , and others; infrared photometry was obtained by Mendoza (1967) and Tapia et al. (1984) .
A study of the membership probability of 3086 stars brighter than B=15.5 magnitudes within an area of 50 arcmin radius centered on h & χ Persei was carried out by Muminov (1983) on the basis of proper motion and photometric (V − (B-V); V − (U-V);
(U-B) − (B-V)) criteria. There is no general agreement on the distance moduli and the ages of both clusters. Crawford et al. (1970b) conclude, on the base of uvbyβ photometry, Table 1 . Log of the observations taken at the 1.0-m JKT on December 11th and December 22nd 1997 for two frames.
are centered on the central region of both clusters, where member star density is much higher.
We took two frames covering the whole of the central region of each cluster (central coordinates are displayed in Table 1 Throughout this paper the numbering system used will be that of Oosterhoff (1937) .
For those stars that were not observed by Oosterhoff (1937) , a new system has been adopted. New stars in h Persei are listed after a "4" prefix, while new stars in χ Persei are listed starting with a "7" prefix. Coordinates in each frame for these newly catalogued stars are given in Tables 2, 3 and 4.
It is worth noting that our sample is representative of the star population, except in the sense that it contains almost exclusively main-sequence stars (and some giants of the earlier spectral types). Most of the brightest member stars are far away from the central region. This has no bearing on the determination of the main cluster parameters (such as reddening and distance), but can influence the study of the system age. For this reason, we have supplemented our data with observations of a number of members brighter than V = 11 taken from Johnson & Morgan (1955) and Crawford et al. (1970b) in Section 4.3.
Reduction Procedure
The reduction of all frames was carried out using the IRAF routines for the bias and flat-field corrections. The photometry was obtained by PSF fitting using the DAOPHOT package (Stetson 1987) provided by IRAF. The atmospheric extinction corrections were performed using the RANBO2 program, which implements the method described by Manfroid (1993) . It has been shown that the choice of standard stars for the transformation is a critical issue in uvbyβ photometry. Transformations made only with unreddened stars introduce large systematic errors when applied to reddened stars, even if the colour range of the standards brackets that of the programme stars (Manfroid & Sterken 1987; Crawford 1994) . Our data cover a very wide range of spectral types and hence a wide range of intrinsic colours. Moreover, during this campaign several clusters with different interstellar reddenings were observed.
In order to cover the whole range of programme stars, we selected our standard stars in the same clusters under investigation. A preliminary list of standard stars was built by selecting a number of non-variable non-peculiar candidate stars in h & χ Persei, which were also taken with the same instrumentation, for the V transformation. Table 5 ). Perry et al. (1978 ) for NGC 2169 , Crawford et al. (1977 The list of adopted standard stars and their photometric data to be used in the transformations are given in Tables 5 and 6 .
The following uvby transformation equations from the instrumental to the standard system together with the standard errors on the coefficients are obtained using the equations by Crawford & Barnes (1970a) , where the coefficients have been computed following the procedure described in detail by Grønbech et al. (1976) :
± 0.003 ± 0.007 Table 7 ). 
± 0.008 ± 0.008
± 0.008 ± 0.015 ± 0.009
± 0.004 ± 0.004 ± 0.007 where the index "i" stands for instrumental magnitudes. The transformed values for the 41 standard stars are given in Tables 7 and 8, together with their precision and deviation with respect to the published standard values. Table   9 shows the mean catalogue minus transformed values for the standard stars and their standard deviations, which constitute a measure of the accuracy of the transformation.
From the mean differences between catalogue and transformed values, it is clear that there is not a significant offset between our photometry and the standard system. Since the individual differences for a few stars seem to be rather large, an attempt was made to improve the transformation by removing these stars from the standard list. We find however that the transformation coefficients and their precision do not improve significantly.
The Hβ instrumental system and transformation equations were computed following the procedure described in detail by Crawford & Mander (1966) indicates that there is no significant offset with respect to the standard system.
Results

Membership and Reddening
We have obtained uvbyβ CCD photometry for more than 350 stars in the fields of h & χ Persei. The magnitude limit V ≈ 16.5 allows us to identify 214 stars that were not catalogued by Oosterhoff (1937) . Even though all of them are listed in Tables 2, 3 and 4 some of them are so faint that the number of counts was not enough to reach a good signal-to-noise ratio in all the filters. Therefore these stars are discarded from our sample.
To assess the membership of a star, we look at its position in the V − (b − y) and V − c 1 diagrams. We find that in both diagrams the vast majority of the stars fall along a very well defined main sequence. Inspection of these photometric diagrams reveals that a number of stars do not fit well the main sequence loci in both diagrams. to additional reddening caused by the circumstellar envelope and tend to have redder (b − y) and lower c 1 values than normal B stars (Fabregat et al. 1996) . In addition, the M4.5Iab supergiant star RS Per (2417) is considered to be a cluster member.
There is a smaller number of stars whose position is displaced with respect to the main sequence in only one of these diagrams. For these stars we calculate the free reddening
[
and use the β − Table 11 . Photometric data for members of h Persei (Continued Table 10 ). Table 12 . Photometric data for members of h Persei (Continued Table 10 ). will not use it for the determination of the cluster parameters, though it may well be In Tables 10, 11 , 12, 13, 14, 15, 16, 17, 18 and 19 we present the resulting values for V, (b − y), m 1 , c 1 and β and their precisions, together with the number of observations for member stars of h & χ Persei respectively. In Table 20 and Table 21 , we list the stars identified as non-members in the fields of h & χ Persei respectively together with their photometric data. Finally in Table 22 and we calculate individual reddenings .We follow the procedure described by Crawford et al. Since none of the stars in the sample, except RS Per, is in a late evolutionary state (all stars earlier than B3 deviate from the main sequence, but none seems to have a luminosity class higher than III), we have added to our colour-magnitude plots all the stars brighter than V = 11 taken from Johnson & Morgan (1955) and Crawford et al. (1970b) , which, as shown in Section 3, are on the same system as our observations. Values
, position in the clusters (Crawford et al. 1970b ) and spectral type (Schild 1965; Slettebak 1968) are given in Table 15 . A few of these stars are inside the area covered by our observations but were saturated in some of our frames.
As we can see from the values of individual reddening, the h Persei stars outside the inner 5.6 arcmin have reddenings lower that the average calculated for the inner 5.6
arcmin, and therefore they lie to the left of the rest of the members in the V − (b − y)
diagram. This is due to the fact that the (b − y) colour is more affected by reddening 
Spectral Classification
Given the paucity of spectroscopic studies of cluster members, we decided to estimate the spectral types for all members observed by us. Since our objects cover a wide range of spectral types, we use different procedures depending on the intrinsic photometric values.
Following Napiwotzki et al. 
Once the temperature of the star is known, we derive an approximate value for the gravity log g by means of the grids of Moon & Dworetsky (1985) . 
to derive both T eff and log g from the grids of Moon & Dworetsky (1985) .
Finally, for stars with (b − y) 0 ≥ 0.04, we derive T eff and log g directly from c 0 and β by using the grids of Moon & Dworetsky (1985) .
As a last step, we derive approximate spectral types by correlating the estimated T eff and log g with the average values for each spectral type from Kontizas & Theodossiou (1980) and Allen (1973) . The estimated spectral types are listed in Tables 24, 25, 26 and 27. The validity of this approximation is confirmed by the fact that, for all the stars which have a spectroscopic spectral classification, our estimate is consistent with the spectroscopic determination with an uncertainty of ±1 subtype. The only exception is the star 1116, for which we give a spectral type B2, while a spectral type B0.5V is given
by Schild (1965) . We note that, based on Geneva photometry, Waelkens et al. (1990) found that none of the stars classified as B0.5 in h Persei seems to be any hotter than other stars classified as B1 or B1.5, showing that the spectral classification of some stars is uncertain.
For the vast majority of the stars in the sample, we derive gravities compatible with their being main-sequence objects. Among the F and late A stars the scatter in the derived gravities is rather larger than among B-type stars, probably reflecting the larger errors associated with fainter magnitudes. For almost all of the stars at the low temperature end, we derive low gravities (log g < ∼ 3.6). Among the stars later than F0, only 7097 (F4), 7108 (F2) and 7091 (F2) give log g > ∼ 3.7. The situation completely reverses for the hot stars. On the whole A0-F0 range, only star 856 (A7) has a value of log g that stands out as being particularly lower than that of all other stars. Among B stars, where the gravity determination is probably more reliable, a few stars have log g ≈ 3.5, and could be evolved. These are 1198 (B9), 1020 (B8), 1179 (B6) and 1232 (B3). From their atmospheric parameter calculations, Vrancken et al. (2000) find that B1 and B1.5 stars classified as main-sequence have gravities corresponding to higher luminosities. In particular, they find log g = 3.4 for the star 2311 (B2III), for which we obtain log g ≈ 3.5.
This would imply that also the star 2255 (B2) and the star 2246 (B1), for which we estimate a similar gravity, are giants.
Distance Modulus Determination
We have estimated the distance modulus to h & χ Persei by using both:(a) the β index calibration of Balona & Shobbrook (1984) and ( to the uvby system after Torrejón (1996) . The data clearly show that the main-sequence turnoff in h Persei occurs at a later spectral type than in χ Persei, which indicates that, contrary to previous speculations, h Persei is actually older than χ Persei.
In spite of this it is clear from Figure 10 that the brightest stars in h Persei are substantially younger than the rest of the cluster, with some of them falling on the Morever Meynet & Maeder (2000) have shown that a log t = 7.3 isochrone for high rotational velocity stars is almost identical to a log t = 7.2 isochrone without rotation and therefore a variation in log t of 0.3 dex is too high to be explained by high rotation alone. 
Inclusion of brighter stars in the H-R diagram of h Persei corroborates our original
finding. All the earliest stars are consistent with log t = 7.0 or even younger, with the brightest supergiant stars even suggesting log t = 6.8 (See Figure 10 ).
This two-branch age distribution, with most stars being compatible with log t = 7.3 and all the massive stars indicating log t = 7.0 or younger is clearly not due to the presence of binaries or high rotational velocity stars.
The presence of stars with high rotation results in an apparent age dispersion (Meynet & Maeder 2000) and not in the separation into two branches. We note that massive stars from both the central region and the outskirts of the cluster display this effect without any obvious age separation, i.e., the younger age of massive stars does not seem to be related to their spatial distribution.
A similar situation can be observed in χ Persei (see Figure 12) . Two of the brightest stars seem to be younger than the rest of the cluster and fit the log t = 7.0 isochrone.
In this case, however, dispersion due to effects such as rotation cannot be ruled out, specially since not all bright stars seem younger than the bulk of the cluster.
Discussion
We find that the reddening and distance moduli to h & χ Persei are consistent with both clusters being placed at the same distance. However, the later main-sequence turnoff of h Persei indicates that this cluster is older than χ Persei, as far as a single age determination is meaningful. From isochrone fitting, we find that the bulk of stars in h Persei fit an age of log t = 7.30, while in χ Persei no star seems to be old enough to lie on the log t = 7.30
isochrone. However, all the earliest stars in h Persei deviate clearly and strongly from the rest of the cluster with some stars falling along the log t = 7.0 isochrone and the brightest objects being even younger (probably as young as ≈ logt = 6.8.
Almost all the stars in χ Persei are consistent with log t = 7.10 − 7.15, though two of the brightest stars could be slightly younger (log t = 7.00). The low age of the few brightest members of h Persei is the reason why previous authors attributed a younger age to h Persei than to χ Persei (Tapia et al. 1984; Schild 1967) . On the other hand, the age of most stars in χ Persei corresponds approximately to the average between the two branches in h Persei, which explains why other authors have given the same age for both clusters (Crawford et al. 1970b ). The presence of at least two branches in the H-R diagram for h Persei strongly suggests two star formation epochs, the younger one corresponding to the more massive stars.
Since the age of the bulk of χ Persei does not correspond to any of the two isochrone fits in h Persei (which we find to be at the same distance), the evidence points to several stages of star formation in the region.
This effect can be observed both when we consider only the stars covered by our observations (which are all relatively close to the main sequence) and also when the brighter members taken from the literature (in a later evolutionary stage and not necessarily be-longing to the central region) are included. Since we have excluded any star that could be suspect of binarity or any pecularities, and the M V − c 0 is not significatively affected by reddening, we may conclude that the age spread is real.
Our distance determination is consistent with some of the higher values found in literature (except those which give a different and larger distance to χ Persei). We derive our distance by fitting the ZAMS to stars much fainter than in previous work. As indicated by Vrancken et al. (2000), the lower distance moduli measured by Crawford et al. (1970b) and Balona & Shobbrook (1984) are due to their use of only the brightest stars. As can be seen in our HR diagrams, all stars earlier than ≈ B3 deviate considerably from the ZAMS. This is again in agreement with the results of Vrancken et al. (2000), who find that all the stars in their sample of B1 and B2 stars are giants, even though some of them were previously classified as main-sequence.
From our data, we find no new Be stars in h & χ Persei. This is not the last word on this issue, because many catalogued Be stars do actually show a β index that does not indicate emission in our data. Since our census of B stars in the areas observed is complete, we can calculate the fraction of Be stars with respect to total number of B stars. In h Per, we find 3 Be stars among 74 B stars, which means an abundance N Be /N B+Be (supergiants excluded) of 4%. In χ Persei, we find 6 Be stars out of 53 B stars, representing an abundance of 11%. Given the scatter in ages in h Per and the small number of Be stars, we cannot derive any conclusions about the effect of cluster age on Be abundance.
Conclusions
We derive reddening and distance values consistent with the idea that h Persei and χ
Persei are placed at the same distance. From the ZAMS fitting, we derive an approximate distance modulus V 0 − M V = 11.6 ± 0.2 for both clusters. The ages of the two clusters seem to be, however, different. There is evidence for two massive star populations in h Persei, fitting the log t = 7.0 and log t = 7.3 isochrones, with the more massive stars being younger. The age spread in χ Persei is, on the other hand, negligible, with all stars fitting the log t = 7.10 − 7.15 isochrone. We interpret these data as favouring the idea that both clusters belong to a single star forming region in which at least three different star formation stages have taken place. Dr. J. M. Torrejón for making available the theoretical isochrones transformed to the Table 13 . Photometric data for members of h Persei (Continued Table 10 ). Table 14 . Photometric data for members of h Persei (Continued Table 10 ). Table 16 . Photometric data for members of χ Persei. Table 17 . Photometric data for members of χ Persei (Continued Table 16 ). Table 18 . Photometric data for members of χ Persei (Continued Table 16 ). Table 19 . Photometric data for members of χ Persei (Continued Table 16 ). Table 26 ).
Number V0 (b − y)0 c0 Spectral Type Number V0 (b − y)0 c0 Spectral Type Table 28 . Individual intrinsic data for B stars in h (right) and χ (left) Persei. The colour excess E(b − y) has been calculated using Crawford's et al. (1970b) procedure.
The absolute magnitudes have been calculated by using the calibration (based on the β index) by Balona & Shobbrook (1984) . The error in M V has been computed using the formula by Balona & Shobbrook (1984) . See text for details. Table 29 . Individual intrinsic data for B stars in h (right) and χ (left) Persei. The colour excess E(b − y) has been calculated using Crawford's et al. (1970b) procedure.
The absolute magnitudes have been calculated by using the calibration (based on the β index) by Balona & Shobbrook (1984) . The error in M V has been computed using the formula by Balona & Shobbrook (1984) . See text for details. (Continued Table 28) .
